Abstract: A fiber Bragg grating is inscribed in a two-mode fiber using a 193-nm excimer laser and a phase mask. Strong LP 01 and LP 11 mutual coupling as large as À22.5 dB, which corresponds to a modal conversion efficiency of more than 99%, is experimentally achieved. The intermodal coupling mechanism is theoretically analyzed through a finite element method. This device can be used as a low-cost reflective LP 01 $ LP 11 converter.
Introduction
Two-mode fibers (TMFs) were first studied for optical communication applications in the 1980s by Kim et al. [1] . By periodically stressing a section of TMF, a TMF modal coupler was first demonstrated [2] . Later, the same group reported another modal coupler based on periodic microbending [3] , which was easier to implement than [2] . Recently, TMF again becomes a hot topic [4] - [8] for mode multiplexing coherent optical communication systems, as the transmission capacity over single-mode waveguides is rapidly approaching its fundamental Shannon limit [9] . In these systems, modal coupler which converts LP 01 and LP 11 modes into each other is a key component. It can be implemented using mechanically induced long period grating [7] . However, such device requires special mechanical holders to apply a periodic stress on the fiber, which increase the dimension of the device and easily damage the fiber.
Fiber Bragg grating (FBG), formed by a periodic index modulation over the photosensitive core along the fiber length, is a mode coupling device which can couple the forward propagating modes to the phase-matched backward propagating modes [10] - [12] . Its performance is largely determined by the modal properties of the host fiber and the index perturbation profile over the fiber core. For most applications, e.g., filters and sensors [11] , only the fundamental mode is involved. To couple the LP 01 mode to higher order modes, titled FBGs were fabricated on optical fibers [13] - [15] . It is well known that UV-side-writing can introduce birefringence to optical fibers [16] - [20] due to the asymmetric refractive index profile over fiber core. In this paper, we exploit the UV-side-illumination induced modal distortion to achieve high-efficiency LP 01 and LP 11 converter based on Bragg grating. Conversion efficiency of over 99% is achieved in the experiment. Using a finite element method (FEM), we seek to investigate the modal properties of the fiber after UV-side-exposure and understood the mode coupling mechanism. Such device can be used as a low-cost reflective LP 01 $ LP 11 converter.
Fabrication and Principle

FBG Fabrication
The TMF used in the experiment is fabricated in our laboratory. The preform (product code: AV-35) used to draw the fiber is purchased from SILITEC FIBERS, Switzerland. The TMF has a core diameter of about 18 m and an outside diameter of 145 m. The refractive indices of the core and cladding are 1.4490 and 1.4454, respectively. For simplicity, a step-index model was assumed in the simulation though there are some defects in the refractive index profile of actual fiber. So the V -parameter of the fiber is calculated to be 3.80 at the wavelength of 1.55 m, which means it supports only two linear polarized modes LP 01 and LP 11 . To enhance its photosensitivity, the fiber was put in a gas chamber full of hydrogen with a pressure of 1500 psi for three days at room temperature. A 193-nm ArF excimer laser and a phase mask with a period of 1068 nm were used to inscribe Bragg grating on the TMF. The ultraviolet beam with a width of 3 mm scanned on the phase mask with a speed of 0.01 mm/s. The FBG has a length of 15 mm and a period of 534 nm. A broadband light source (BBS) centered at 1550 nm and an optical spectrum analyzer (OSA) were used to measure the transmission and reflection spectrum of the FBG.
UV-Side-Illumination Effect
During fabrication of the FBG, the UV beam was illuminated on the fiber from one side, so the upper area of the core has higher index change than the lower part due to the absorption of UV light when it travels across the fiber as shown in Fig. 1(a) . As a result, the index profile over the fiber core becomes asymmetric, which distorts the mode field profiles [19] as shown in Fig. 1(b) .
The refractive index change distribution over the fiber core is assumed to follow a decreasing exponential function [19] and can be expressed as
where x and y are coordinates in m, r ¼ 9 m is the radius of fiber core, A is the maximum index change at the upper edge of fiber core which depends on the UV laser power and the fiber photosensitivity, and is the attenuation coefficient of index change distribution which depends on the material composition of the fiber core. Vengsarkar et al. ever studied UV-side-exposure induced birefringence in an optical fiber and they obtained A ¼ 0:005 and ¼ 0:2 m À1 in their experiment [17] . As we cannot measure the real refractive index modulation profile of our FBG, we will first assume A and are with above values in the simulation to obtain a straightforward understanding of the intermodal coupling mechanism, and later will study how the variations of these two parameters affects the coupling coefficients of the FBG.
Mode Coupling Mechanism
There are two necessary conditions for the Bragg resonance in an FBG, i.e., phase match and nonzero electric field overlap integral. The former determines the resonance wavelength and depends on the grating period as well as the effective indices of involved modes. The latter determines the resonance intensity (i.e., the coupling efficiency) and depends on the modal field distributions and the refractive index modulation profile. The Bragg phase match condition can be expressed by 1 ¼ 2 þ 2=Ã, where 1ð2Þ is the propagation constant of mode 1 and 2, and Ã is the grating period [10] . In our case ¼ 2n eff = and À2n eff = are for the forward and backward propagating modes, respectively, where n eff is effective index of a guided mode and is free space wavelength. The fiber supports two linear polarized modes LP 01 and LP 11 , and the Bragg resonances only occur between counter-propagating modes. Therefore, there are four kinds of mode couplings that satisfy the above phase match condition, and the resonance wavelengths are given by
In fact, if the refractive index modulation profile over the fiber core is uniform, the intermodal couplings in (2.3) cannot take place because the electric fields overlap integral for LP 01 and LP 11 is zero. However, as shown in Fig. 1(a) and (b) , the refractive index distribution over the fiber core becomes nonuniform after UV-side-illumination, which distorts the mode fields and results in nonzero electric field overlap integral for LP 01 and LP 11 .
In an FBG, the coupling coefficient of two involved modes [10] can be expressed as where n is refractive index of fiber core, ! is angular frequency of light, " 0 is dielectric constant, Án is UV-perturbed refractive index profile, E and E are normalized electric fields so that the power carried by each mode equals 1 watt.
To calculate the coupling coefficients of our two-mode FBG, we utilize a commercially available COMSOL software to simulate the mode properties of the TMF. This software is based on finite element method (FEM), and its perpendicular wave module is used in the simulation. We input the UV-perturbed refractive index profile shown in (1) with A ¼ 0:005 and ¼ 0:2 m À1 to the software and run the FEM solver. Then we can obtain all the information of each guided mode in the TMF, such as effective index and electric field distribution (as shown in Fig. 1 ). Using the obtained electric field distributions as well as the UV-perturbed refractive index profile, we can calculate the integral in (3), and the results are presented in Table 1 .
There are totally six individual mode components of LP 01 and LP 11 , as shown in Fig. 1(b) . Table 1 shows the results of electric field overlap integral for the six modes between each other. At the diagonal of the table it means a mode couples to the same counter-propagating mode, and at other positions of the table, it means intermodal coupling. From the table we find that intermodal coupling only occurs between LP 01 and odd LP 11 (nonzero values marked in blue). This can be easily understood by analyzing the mode patterns of them. When integrating with LP 01 , the left and right lobes of even LP 11 have the same magnitude but opposite signs, so the sum integral is zero. While for odd LP 11 , the upper and lower lobes obviously have different magnitudes, which lead to a nonzero integral. This indicates that LP 01 could be totally converted into odd LP 11 provided a strong enough grating, but the maximum conversion efficiency from LP 11 to LP 01 is 50% because even LP 11 cannot couple to LP 01 (assuming the power is equally distributed for the four mode components of LP 11 ).
Results and Discussion
Experimental Results
To verify earlier theoretical predictions, we measure transmission and reflection spectra of the TMF FBG at different light incidence conditions. During splicing of SMF and TMF, if we manually introduce a lateral core-offset (about 4 $ 5 m) and a small angle (about 3 $ 4 ) between the endfaces of the two fibers, LP 11 can be effectively excited and LP 01 is suppressed; on the other hand, if the two fibers are well spliced without above defects, it can be expected that only LP 01 is excited. Alternatively, one can selectively excite higher-order modes by using a microtip on the fiber end [21] . Fig. 2(a) and (b) , show the transmission and reflection spectra when only LP 01 is excited. LP 11 resonance is not observed in Fig. 1(a) because it is not excited. From Fig. 2(a) we find that a strong LP 01 to LP 11 coupling better than À20 dB is achieved. The conversion efficiency from mode 1 to mode 2 is defined as dB ¼ 10log 10 where P 1 and P 2 are the input power of mode 1 and the output power of mode 2, respectively. Thus À22.5 dB corresponds to a conversion efficiency of 99.4%. The 30-dB LP 01 self-resonance is saturated, which can be verified by the flat reflection peak. Fig. 2(c) shows the reflection spectrum when most of power is launched into LP 11 . It is difficult to totally restrain LP 01 . Fig. 2(d) shows the reflection spectrum when LP 01 and LP 11 were equally excited, where peaks A and C are couplings to the identical counter-propagating modes, and peak B is intermodal coupling. All the four possible couplings described in (2.1)-(2.3) take place and the wavelength of peak B is at center of that of peaks A and C, which agrees with the (2.3). The 3-dB bandwidth of peak B which corresponds to intermodal coupling is about 0.4 nm. Thus at the wavelength of peak B (1545.2 nm), this device can function as a reflective LP 01 $ LP 11 converter.
Effect of A and on Coupling Coefficient
In Section 2.3 we assumed the values of A and follows that reported in [17] . However, the actual values of them depend on UV intensity, UV exposure time, and material of the fiber. In order to investigate the effect of A and on the coupling coefficient, i.e., the grating strength, we consecutively change their values and calculate the coupling coefficient. The calculation results are plotted in Fig. 3 . As can be seen from it, both self-coupling coefficient and intermode coupling coefficient increase with A, which is not unexpected. Fig. 3(b) shows that the self-coupling coefficient decrease intensively with increasing because Án plays a role in the calculation of coupling coefficient as shown in (3) . Note that when ¼ 0 the intermode coupling coefficient is zero, but when 9 0:1 the intermode coupling coefficient nearly keeps unchanged. This means the attenuation of refractive index change over fiber core is a necessary condition for the intermode coupling coefficient, but it is not a dominative factor. As a result, in order to enhance the intermodal coupling efficiency, one should use UV light with larger power or illuminate the fiber for longer time. 
Operation Wavelength
The operation wavelength of the TMF-FBG modal converter is determined by (2.3). By substituting the experimental results of Section 3.1 to (2.3) we obtain intermodal ¼ 1545:2 1068 Á
where ¼ 2Ã is period of the phase mask. Using phase mask with specific periods, LP 01 and LP 11 modal converters with desired operation wavelengths can be implemented.
Conclusion
In this paper, we have inscribed fiber Bragg grating on a TMF using a 193-nm excimer laser and a phase mask. Due to the UV-side-illumination effect, strong LP 01 and LP 11 intermodal couplings are achieved and observed experimentally. The modal coupling mechanism is well explained by studying the mode properties of the UV-perturbed fiber through a finite element method. The device is a good alternative for reflective LP 01 $ LP 11 converter.
